A family of eight genes with homology to mammalian glutathione peroxidase (GPX) isoenzymes, designated AtGPX1-AtGPX8, has been identified in Arabidopsis thaliana. In this study we demonstrated the functional analysis of Arabidopsis AtGPX8 with peroxidase activity toward H 2 O 2 and lipid hydroperoxides using thioredoxin as an electron donor. The transcript and protein levels of AtGPX8 in Arabidopsis were up-regulated coordinately in response to oxidative damage caused by high-light (HL) stress or treatment with paraquat (PQ). Furthermore, the knockout Arabidopsis mutants of AtGPX8 (KO-gpx8) exhibited increased sensitivity to oxidative damage caused by PQ treatment in root elongation compared with the wild-type plants. In contrast, transgenic lines overexpressing AtGPX8 (Ox-AtGPX8) were less sensitive to oxidative damage than the wild-type plants. The levels of oxidized proteins in the KO-gpx8 and Ox-AtGPX8 lines were enhanced and suppressed, respectively, compared with the wild-type plants under HL stress or PQ treatment. The fusion protein of AtGPX8 tagged with green Fuorescent protein was localized in the cytosol and nucleus of onion epidermal cells. In addition, the AtGPX8 protein was detected in the cytosolic and nuclear fractions prepared from leaves of Arabidopsis plants using the AtGPX8 antibody. Oxidative DNA damage under treatment with PQ increased in the wild-type and KO-gpx8 plants, while it decreased in the OX-AtGPX8 plants. These results suggest that AtGPX8 plays an important role in the protection of cellular components including nuclear DNA against oxidative stress.
Introduction
In aerobic organisms, reactive oxygen species (ROS) including superoxide radicals, hydroxyl radicals and H 2 O 2 are generated during the incomplete reduction of molecular dioxygen to water (Farr and Kogoma 1991) , following exposure to environmental factors (Dat et al. 2000) or during several metabolic processes (e.g. photosynthesis or respiration) (Rodriguez Milla et al. 2003) . The accumulation of ROS can give rise to oxidative stress, leading to serious damage to biological macromolecules such as proteins, lipids and nucleic acids, and eventually cell death. On the other hand, at moderate concentrations, ROS play an important role in signaling processes as the regulatory mediators for various cellular responses. Thus, many ROS-mediated responses actually protect cells against oxidative stress and re-establish redox homeostasis (Mittler 2002) .
Plants have developed several non-enzymatic and enzymatic systems to withstand oxidative damage and/or to modulate oxidative signaling caused by ROS. While the non-enzymatic antioxidant compounds include carotenoids, tocopherols, Plant Cell Physiol. 53(9): 1596-1606 (2012) doi:10.1093/pcp/pcs100, available online at www.pcp.oxfordjournals.org ! The Author 2012. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com reduced glutathione (GSH) and ascorbate (Noctor and Foyer, 1998) , the enzymatic systems rely on superoxide dismutase, catalase, ascorbate peroxidase (APX), thioredoxin (Trx) peroxidase, glutathione peroxidase (GPX), and so on.
Eight genes with homology to mammalian GPX isoenzymes have been identified, designated AtGPX1-AtGPX8, in Arabidopsis thaliana. We have found previously that the recombinant proteins of AtGPX1, AtGPX2, AtGPX5 and AtGPX6 reduce H 2 O 2 and lipid hydroperoxides using reduced Trx, but not GSH or NADPH as a reductant (Iqbal et al. 2006 ). Previous studies have also shown that GPXs in plants and yeast can reduce peroxides, much more efficiently or sometimes exclusively, by using Trx rather than GSH (Herbette et al. 2002 , Jung et al. 2002 , Tanaka et al. 2005 , Navrot et al. 2006 ). In the unicellular parasite Plasmodium falciparum, a GPX-like protein closely related to plant GPXs is specific for Trx (Sztajer et al. 2001) . Thus plant GPXs are included in the Trx-dependent peroxidase family, known as peroxiredoxin (Prx), and constitute a fifth group of this family Jacquot 2005, Iqbal et al. 2006) .
The expression of genes encoding five GPX isoenzymes, AtGPX1, AtGPX2, AtGPX3, AtGPX5 and AtGPX6 was differentially induced in response to various abiotic stresses and plant hormones (Rodriguez Milla et al. 2003 , Navrot et al. 2006 . Two proteomic studies have identified AtGPX1 located in the thylakoid membrane of chloroplasts (Ferro et al. 2003 , Rodriguez Milla et al. 2003 , Jean-Benoit et al. 2004 . Judging from the deduced amino acid sequences, it seems likely that AtGPX2, AtGPX5 and AtGPX6 are distributed in the cytosol, endoplasmic reticulum and mitochondria/cytosol, respectively (Chang et al. 2009 ). It has been reported that AtGPX3 is localized in the cytoplasm and plays dual roles as a redox transducer and a scavenger under drought stress (Miao et al. 2006 ). In addition, AtGPX1 and AtGPX7 were reported to contribute to cross-talk between photooxidative stress and immune responses (Chang et al. 2009 ).
The aim of this work is to clarify the functional analysis of AtGPX8. We studied the enzymatic characteristics of the recombinant AtGPX8 protein and the subcellular distribution of the enzyme. Furthermore, we studied the expression of AtGPX8 genes in response to oxidative stress caused by treatment with paraquat (PQ) or high-light (HL) stress and the effect of disruption or overexpression of AtGPX8 on sensitivity to oxidative stress. The present findings indicated that AtGPX8 is localized in both the cytosol and the nucleus and plays an important role in protecting cellular components, in particular nuclear DNA, against oxidative damage and eventually modulating cell survival.
Results

Enzymatic properties of recombinant protein of AtGPX8
SDS-PAGE analysis of the soluble proteins from Escherichia coli cells expressing AtGPX8 fused with the histidine (His)-tag showed expression of a large amount of the recombinant proteins (Fig. 1A) . The molecular mass of this fusion protein was approximately 22 kDa, which was in agreement with the molecular mass of the AtGPX8 protein plus the His-tag predicted theoretically. PuriEcation by HiTrap TM chelating HP afEnity column chromatography yielded the recombinant AtGPX8 C. Each crude extract and the recombinant enzyme purified using a HiTrap TM chelating HP column were analyzed by 15% SDS-PAGE. M, molecular mass protein standards, an LMW kit E from GE Healthcare; pColdII/empty, pColdII-transformed E. coli (20 mg); pColdII/GPX8, pColdII/AtGPX8-transformed E. coli (20 mg); Purified rGPX1, 2, 5, 6 and 8, purified recombinant AtGPX1, 2, 5, 6 and 8 proteins (2 mg each). The arrow indicates the AtGPX8 protein. Positions and sizes in kDa of molecular mass protein standards are shown on the left side of the panel. (B and C) Western blot analysis of the recombinant AtGPX8 and other AtGPXs. AtGPXs proteins (2 mg each) were subjected to SDS-PAGE on a 15% (w/v) gel, transferred to a PVDF membrane, and detected by a polyclonal antibody raised against the His-tag (Novagen) (B) or AtGPX8 (C). The arrow indicates the band of AtGPX8 protein (22 kDa).
protein of apparent electrophoretic homogeneity. The purified protein was characterized by Western blot analysis using a mouse antiserum raised against the AtGPX8 protein or the His-tag (Fig. 1B, C) . The fact that the amino acid sequence of AtGPX8 had 55-65% homology with those of AtGPX1-AtGPX7 ( Supplementary Fig. S1 ) led to the study of the cross-reactivity of AtGPX8 antibody with other AtGPXs, AtGPX1, AtGPX2, AtGPX5 and AtGPX6. The AtGPX8 antibody had a crossreactivity with the recombinant AtGPX8 protein, but not the other AtGPXs (Fig. 1C) coli at a fixed concentration of 0.1 mM H 2 O 2 was 11.5 ± 1.5 mM, while the K m value for H 2 O 2 at a fixed concentration of 4 mM Trx was 65.0 ± 5.4 mM.
Expression of AtGPX genes in response to HL stress or treatment with PQ
The steady-state transcripts of AtGPX1-AtGPX8 were detected in the leaves of Arabidopsis plants grown for 2 weeks under normal growth conditions (Fig. 2) . Since the expression of several plant GPX genes was up-regulated under various stressful conditions (Sugimoto and Sakamoto 1997 , Roeckel-Drevet et al. 1998 , Rodriguez Milla et al. 2003 , Gaber et al. 2004 , Navrot et al. 2006 (Fig. 3A) . The transcript levels of AtGPX8 were markedly increased and peaked at 1 and 3 h, respectively, after HL stress and PQ treatment. Similarly, the levels of AtGPX2, AtGPX5 and AtGPX7 transcripts were increased by stressful conditions. On the other hand, the levels of AtGPX3, AtGPX4 and AtGPX6 were transiently or continuously decreased under HL stress and PQ treatment. In agreement with the change in the transcript level, the levels of AtGPX8 protein were increased approximately 3-and 2-fold at 3 h after PQ treatment and at 1 h after HL stress, respectively (Fig. 3B ).
Subcellular distribution of AtGPX8 in plant cells
As judged by TargetP (www.cbs.dtu.dk/services/TargetP/) to predict the subcellular localization, there was no transit peptide in the deduced amino acid sequence of AtGPX8, suggesting its cytosolic localization. To verify the subcellular distribution of AtGPX8, the full-length AtGPX8 protein fused to sGFP (synthetic green Fuorescent protein) at the N-terminus using the Gateway expression vector, pGWB6 (pGWB6/35S:AtGPX8) was transiently expressed in onion epidermal cells. The transgenic cells introducing pBI121/35S:GFP were used as a control for the localization of GFP. The sGFP-AtGPX8 fusion protein was distributed in both the nucleus [detected by 4 0 ,6-diamidino-2-phenylindole (DAPI) staining] and cytoplasm of the onion epidermal cells (Fig. 4) .
Next, we determined the subcellular localization of AtGPX8 in the nuclei isolated from leaves of Arabidopsis plants by Percoll gradient fractionation and Western blotting using the AtGPX8 antibody (Fig. 5) . We used antibodies against histone H3 and APX1 as markers for the nucleus and the cytosol, respectively. Although a large amount of the AtGPX8 protein was detected in the crude extract and the supernatant containing cytosolic, chloroplastic and mitochondrial fractions, the protein was also detected in the precipitate containing the nuclear fraction (Fig. 5) . A quantitative PCR analysis was performed to determine the expression levels of AtGPX1-AtGPX8. The relative amounts were normalized to Actin2 mRNA. Data are the mean ± SD for three individual experiments (n = 3). Detailed procedures are described in the Materials and Methods. Linoleic-OOH 0 0 226 ± 14.4
Linolenic-OOH 0 0 157 ± 10.5
The GPX activity toward H 2 O 2 , cumene hydroperoxide (CumOOH), t-buthylhydroperoxide (t-BuOOH), linoleic acid hydroperoxide (Linoleic-OOH) and linolenic acid hydroperoxide (Linolenic-OOH) was assayed using GSH, NADPH or E. coli Trx, as a reducing agent. The procedures are described in the Materials and Methods.
Effect of disruption or overexpression of AtGPX8 on sensitivity to oxidative stress
We isolated and characterized the knockout Arabidopsis plants for AtGPX8 by a T-DNA insertion in the genes (KO-gpx8: SALK_127691) from the SIGnAL project (signal.-salk.edu/tabout.html). Sequencing of the T-DNA insertion sites of KO-gpx8 revealed the T-DNA insertion in the fifth exon of the AtGPX8 gene (At1G63460) (Fig. 6A) . By quantitative reverse transcription-PCR (RT-PCR) analysis, the expression of AtGPX8 could not be detected in the KO-gpx8 plants (Fig. 6B) . Subsequently, Western blot analysis revealed that the AtGPX8 protein of which the molecular weight was estimated to be 19.1 kDa was not present in the KO-gpx8 plants (Fig. 6C ).
Next we generated transgenic Arabidopsis plants overexpressing AtGPX8 under the control of the Cauliflower mosaic virus (CaMV) 35S promoter and obtained its homozygous T 3 generations. By semi-quantitative RT-PCR analysis, the expression level of AtGPX8 was found to be approximately 1.6-fold higher in Ox-AtGPX8-9-1 than in the wild-type plants (Fig. 6B) . The AtGPX8 protein in the Ox-AtGPX8-9-1 plants increased to approximately 3-fold higher than those of the wild-type plants (Fig. 6C) .
The KO-gpx8 and Ox-AtGPX8-9-1 plants showed phenotypes similar to the wild-type plants on Murashige and Skoog (MS) medium or in soil throughout the growth period under normal conditions (data not shown). To evaluate the effect of disruption or overexpression of AtGPX8 on oxidative stress tolerance, we checked the tolerance of KO-gpx8 and Ox-AtGPX8-9-1 plants to oxidative stress caused by PQ treatments (Fig. 7) . As judged by the phenotypes and fresh weight, the KO-gpx8 and Ox-AtGPX8-9-1 plants showed decreased and increased tolerance, respectively, to PQ treatments compared with the wild-type plants (Fig. 7A, B) . The root growth of KO-gpx8 plants on MS plates containing PQ was severely inhibited compared with that of the wild-type plants (Fig. 7C) . On the other hand, the inhibition of root growth of the Ox-AtGPX8-9-1 plants was significantly suppressed.
A protein gel blot assay of oxidized proteins (carbonyl groups on proteins) was carried out to assess oxidative damage in the cells of KO-gpx8 and Ox-AtGPX8-9-1 plants under HL and PQ stress conditions (Fig. 8) . The levels of oxidized proteins in the extracts from the KO-gpx8 and Ox-AtGPX8-9-1 plants were higher and lower, respectively, compared with those of wild-type plants.
Suppression of oxidative DNA damage by AtGPX8 under oxidative stress ROS can cause DNA strand breaks or modiEcation to deoxyribose sugar and bases (Hagar et al. 1996) . Formation of 8-oxo-7,8-dihydro-2 0 -(deoxy)guanosine (8-oxo-dG) is the most characteristic features of DNA oxidation (Bruskov et al. 2002) . Thus the involvement of AtGPX8 in the protection from oxidative DNA damage in cells of Arabidopsis plants was investigated by determining 8-oxo-dG contents in the DNA (Yoshimura et al. 2007) . Considering that nuclear DNA constitutes the vast majority of DNA isolated from the cells, the levels of 8-oxo-dG detected here reflect mainly a status of nuclear DNA oxidation. The levels of 8-oxo-dG in the wild-type plants were increased by PQ treatment (Fig. 9) . In the KO-gpx8 mutants, 8-oxo-dG was accumulated more than in the wild-type plants, even under normal conditions, and was markedly increased by PQ treatment. On the other hand, the accumulation of 8-oxo-dG in the Ox-AtGPX8-9-1 plants was significantly suppressed under PQ treatment.
Discussion
AtGPX8 and other homologs in plants share relatively high levels of sequence similarities with mammal GPXs (Supplementary Fig. S1 ). It has been suggested that GPXtype enzymes are not specific for GSH but also react with the Cys-X-X-Cys motifs present in Trx or tryparedoxins (Flohé et al. 2003) . Thus, most of the plant GPXs utilized reduced Trx, but not GSH and NADPH, for their regeneration (Gaber et al. 2001 , Herbette et al. 2002 , Jung et al. 2002 , Kang et al. 2004 . The crude fraction (15 mg of protein), supernatant containing cytosolic, chloroplastic and mitochondrial proteins (15 mg), and the precipitate (nuclear fraction) (30 mg) were loaded in the lanes. The AtGPX protein was detected by Western blotting using the AtGPX8 antibody. Histone H3 and APX1 proteins were detected as nuclear and cytosolic markers, respectively, by Western blotting. The blots of APX1 indicated that there was no contamination of the cytosol in the nucleus. The same results were obtained in three independent experiments, and a representative result is shown. , Iqbal et al. 2006 , Navrot et al. 2006 . In fact, activities of AtGPX8 towards H 2 O 2 and lipid hydroperoxide were detected using Trx as an electron donor.
According to crystallographic evidence, Koh et al. (2007) have reported that poplar GPX5 is a Trx peroxidase, structurally related to GPXs but exhibiting catalytic and Trx-dependent recycling mechanisms of Prxs. AtGPX8 had >80% amino acid sequence identity to poplar GPX5, but possessed an active site cleft architecture consisting of cysteine, glutamate and tryptophan, similar to mammal SeCys-GPXs. Like Poplar GPX5 (which belongs to the 2-Cys Prxs), when AtGPX8 is superimposed on the thiol peroxidase structures, the locations of both peroxidatic cysteine (Cys89) and resolving cysteine (Cys41) are similar in structure, although these proteins have a very low level of sequence identity (Koh et al. 2007 ) ( Supplementary  Fig. S1 ). Accordingly, the reaction mechanism of AtGPX8 Fig. 7 Effect of disruption or overexpression of AtGPX8 on oxidative stress tolerance. (A) Phenotypes of wild-type, KO-gpx8 and Ox-AtGPX8 plants under PQ treatments. Seven-day-old seedlings were grown on MS medium containing 1.0 mM PQ for 7 d under long-day conditions. The plants were transferred to MS medium without PQ and then grown for an additional 7 d. The same results were obtained in three independent experiments, and representative phenotypes are shown. (B) Fresh weight of wild-type, KO-gpx8 and Ox-AtGPX8 plants under PQ treatments. Data are the mean ± SD for three individual experiments of three plants each. Different letters indicate significant differences (P < 0.05). (C) Root lengths of wild-type, KO-gpx8 and Ox-AtGPX8 plants under PQ treatments. Seven-day-old seedlings were placed on MS plates containing 1.0 mM PQ for 14 d under normal conditions. The same results were obtained in three independent experiments, and representative phenotypes are shown. Data are the mean ± SD for three individual experiments of three plants each. Different letters indicate significant differences (P < 0.05).
seems to be similar to that of typical 2-Cys Prxs, in which (i) the reduction of the peroxide is accompanied by the formation of a sulfenic acid on the catalytic cysteine; and (ii) a second cysteine residue forms an intramolecular disulfide bridge with the peroxidatic cysteine and acts as a resolving cysteine indispensable for the reduction by Trx (Navrot et al. 2006) .
It has been reported that AtGPX3 functions as both a redox transducer and a scavenger of ROS under drought stress (Miao et al. 2006) . Among AtGPXs, the expression of AtGPX8, but not AtGPX3, was transiently induced under HL stress and PQ treatment (Fig. 3) . Notably, the AtGPX8 protein rapidly decreased at 1.5 h after HL stress. Recently, it has been reported that many proteins involved in the antioxidative systems are potentially targets for ubiquitination (Igawa et al. 2009 ). This finding and our results suggest the possibility that ubiquitin/proteasomedependent proteolysis is involved in the rapid turnover of AtGPX8 protein under stress. Lack of or a low response of AtGPX3 expression to various stresses was in agreement with the results reported previously (Sugimoto and Sakamoto 1997 , Roeckel-Drevet et al. 1998 , Rodriguez Milla et al. 2003 , Gaber et al. 2004 , Navrot et al. 2006 ). Therefore, it seems likely that the AtGPX8 protein plays a most important role in the induction of defense systems in response to oxidative stress. In fact, the overexpression and disruption of AtGPX8 conferred the increase and decrease, respectively, in the tolerance to oxidative stress (Fig. 7) . The levels of oxidative proteins increased and decreased significantly in the KO-gpx8 mutants and the Ox-AtGPX8 plants, respectively, under oxidative stress (Fig. 8) .
Interestingly, we found that the sGFP-AtGPX8 fusion protein was distributed in both the nucleus and cytoplasm of onion epidermal cells (Fig. 4) . In addition, Western blotting analysis of Arabidopsis organelles prepared by Percoll gradient fractionation showed that a certain amount of the AtGPX8 protein was localized in the nucleus, although the majority of AtGPX8 was in the cytosol (Fig. 5) . These results suggest that AtGPX8 is localized not only in the cytosol but also in the nucleus in Arabidopsis cells and that it functions to protect not only the cytosolic fraction but also nuclear components from oxidative damages. Since AtGPX8 is predicted to be localized in the cytosol as judged by TargetP (www.cbs.dtu.dk/ser vices/TargetP/), it is possible that there is an interacting partner which transports AtGPX8 into the nucleus. ROS cause endonuclease activation and consequent DNA damage (Hagar et al. 1996) . In addition, there are several lines of evidence that hydroxyl radicals can cause damage to all classes of biologically important macromolecules, especially nucleic acids (Chen and Fig. 8 Effect of disruption or overexpression of AtGPX8 on protein oxidation. Two-week-old wild-type, KO-gpx8 and Ox-AtGPX8 plants grown under normal conditions were subjected to HL stress at 1,200 mE m À2 s À1 for 3 or 6 h (A) or treatment with 50 mM PQ for 3 or 6 h (B) under illumination at 100 mE m À2 s
À1
. Oxidized proteins in the crude extracts (10 mg) prepared from the leaves of the respective plants were detected by Western blotting using an OxyBlot protein oxidation kit (Chemicon International). The molecular mass (kDa) is shown on the left side. The same results were obtained in three independent experiments. Fig. 9 Effect of disruption or overexpression of AtGPX8 on 8-oxo-dG levels. Seven-day-old wild-type, KO-gpx8 and Ox-AtGPX8 plants were placed on an MS plate containing 0.3 mM PQ for 14 d under normal conditions. For the control conditions (Control), 2-week-old plants were placed on an MS plate without PQ and were grown for the same period. The 8-oxo-dG content of DNA prepared from the leaves of the respective plants was determined by HPLC-ECD. The procedures are described in the Materials and Methods. Data are the mean ± SD for three independent experiments. Different letters indicate significant differences (P < 0.05).
Schopfer 1999). Moreover, plant nuclei are not only reservoirs of ROS, but may also actively be a source of ROS production (Ashtamker et al. 2007 ). Thus, nuclei need to respond defensively to oxidative stress by removing ROS and maintaining antioxidant defense compounds at levels that reflect ambient environmental conditions. It has been demonstrated that the nucleus-localized GPX in mammals plays a critical role in protecting the nucleus from oxidative stress (Del Maestro and MaDonald 1989, Rogers et al. 2002) . In fact, we found that the levels of 8-oxo-dG depended on the expression levels of AtGPX8 in the KO-gpx8 and Ox-AtGPX8-9-1 plants under normal and stressful conditions (Fig. 9) . The present findings indicated that AtGPX8 is localized in both the cytosol and the nucleus, and plays an important role in protecting cellular components, in particular nuclear DNA, against oxidative damage, leading to the maintenance of cellular redox homeostasis.
Thiol-disulfide exchange reactions, which are rapid and readily reversible, are ideally suited to controlling protein function via a change in the redox state of structural or catalytic SH groups (Laughner et al. 1998 , Motohashi et al. 2001 , Laloi et al. 2004 , Dietz et al. 2006 . Several lines of evidence demonstrated that mammalian Trx-1 is localized in the nucleus, and its major nuclear function seems to be the binding to and reduction of transcription factors, thereby modulating their activities (Hirota et al. 2000) . The occurrence of AtGPX8 having thioldependent activity in the nucleus suggests that it is involved in not only protection of cellular components but also redox modification of the other proteins and/or signal transduction in the nucleus.
Materials and Methods
Plant materials and stress treatments
Arabidopsis thaliana ecotype Columbia was used in this study. For seed germination, all seeds were sterilized and sown on MS medium plus 3% sucrose and kept for 2 d at 4 C in the dark to break dormancy. Then, the plates were incubated in growth chambers at 22 ± 2 C with a 16 h light photoperiod (of approximately 50-100 mE m À2 s À1 illumination) for 2 weeks. The knockout Arabidopsis lines containing a T-DNA insert in AtGPX8 (KO-gpx8: SALK_127691) were obtained through the Salk Institute Genomic Analysis Laboratory (http://signal.salk .edu/) from the ABRC (Ohio State University) as pure homozygous lines. To confirm the T-DNA insertion lines as homozygous, RT-PCR was performed with the RNA prepared from the KO-gpx8 plants using gene-specific primers for AtGPX8 (forward primer, 5 0 -CATATGGCGACGAAGGAACCAGA-3 0 and reverse primer, 5 0 -GGATCCTCAGGAGATATTCAGAAGA T-3 0 ). Two-week-old plants were subject to oxidative stresses, treatment with PQ and HL. PQ treatment was achieved by spraying with 50 mM PQ under a light intensity of 100 mE m À2 s
À1
. HL stress was accomplished by exposure to light illumination at 1,200 mE m À2 s
. Plants were collected, frozen in liquid nitrogen and stored at À80 C until their respective analysis. For assay of root growth under PQ treatment, 7-day-old seedlings were placed on MS plates (1.5% agarose) containing 1.0 mM PQ. Plates were maintained vertically under normal conditions. Root length was scored at 14 d after the seedlings were transferred to the plates.
Quantitative RT-PCR analysis
The quantitative RT-PCR analysis was performed according to Nishizawa et al. (2006) . Total RNA was prepared from the rosette leaves of Arabidopsis seedlings (1.0 g FW) using Sepasol Õ -RNA I (Nacalai tesque). To eliminate any DNA, total RNA was treated with DNase I (TAKARA). First-strand cDNA was synthesized using ReverTra Ace (reverse transcriptase; Toyobo) with an oligo(dT) 20 primer according to the manufacturer's protocol. Primer pairs for the quantitative RT-PCR were designed using Primer Express TM software (Applied Biosystems), and the primer sequences are as follows: AtGPX1 (forward primer, 5 0 -GAGTGAGCATATAGAGACTGATGGTTA AAGT-3 0 and reverse primer, 5 . The quantitative RT-PCR was performed using an Applied Biosystems 7300 Real Time PCR System with the SYBR Premix Ex Taq (TAKARA). The level of Actin2 mRNA, set to 100%, was used as an internal standard in all experiments. The analysis was repeated at least three times for cDNA prepared for three batches of plants.
Cloning of cDNA encoding AtGPX8
Total RNA was extracted from 15-day-old Arabidopsis seedlings as described previously (Ogawa et al. 2005) . First-strand cDNA was synthesized using oligo(dT) 20 primer and ReverTra Ace (reverse transcriptase; Toyobo) with total RNA prepared from the wild-type Arabidopsis plants as a template. Full-length cDNA encoding mature AtGPX8 protein was amplified by RT-PCR with chimeric primers (AtGPX8-F, 5
0 -CATATGGCGA CGAAGGAACCAGA-3 0 ; and AtGPX8-R, 5 0 -GGATCCTCAGGA GATATTCAGAAGAT-3 0 ) introducing the NdeI or BamHI sites (bold sequences). The PCR product was electrophoresed using a 1% agarose gel, purified from the gel using a GFXTM PCR Gel Band Purification kit (GE Healthcare), ligated into pT7 vector (Novagen, EMD Bioscience Inc.) and sequenced using the dideoxy chain terminator method with an automatic DNA sequencer (ABI PRISM Õ 310 Genetic Analyzer; Applied Biosystems). The NdeI-BamHI fragment was obtained and subsequently ligated into the pColdII vector (TAKARA) giving an in-frame fusion with His-tag. After confirming the sequence using the same procedure mentioned above, E. coli DH5a cells were transformed and used for protein expression.
Expression and purification of the recombinant AtGPXs
Expression plasmids for AtGPX1, AtGPX2 and AtGPX5 were constructed previously using the same system (pColdII) as for AtGPX8 (Iqbal et al. 2006) . Escherichia coli DH5a cells harboring pColdII/AtGPX1, AtGPX2, AtGPX5 and AtGPX8 were grown in 50 ml of LB medium, containing 50 mg ml À1 ampicillin at 37 C until the OD 600 of the culture was between 0.4 and 0.6. Cell cultures were kept for 30 min at 16 C without shaking and the expression of fusion protein was induced by the addition of 0.4 mM isopropyl-b-D-thiogalactopyranoside (IPTG). Cells were further incubated for 24 h at 16 C with shaking. Cells were harvested by centrifugation at 6,000Âg for 10 min at 4 C, resuspended in 100 ml of Tris-HCl buffer, pH 8.0, containing 0.5 M NaCl and 5 mM imidazole, and disrupted by sonication at 10 kHz for a total of 10 min (20 intervals of 20 s each). Soluble proteins were collected by centrifugation at 10,000Âg for 15 min at 4 C and purified using a HiTrap TM chelating HP column (Amersham Biosciences) according to the manufacturer's protocol. Protein content was determined according to the method of Bradford (1976) .
Enzyme assays
The GPX activity was assayed spectrophotometrically in the presence of glutathione reductase (GR), which catalyzes the reduction of oxidized GSH formed by GPX, according to Gaber et al. (2001) . The reaction mixture contained 100 mM Tris-HCl, pH 8.2, 1 mM GSH, 0.4 mM NADPH, 0.2 mM H 2 O 2 , 1 U of GR, and the enzyme in a total volume of 1 ml. The activity was measured as the decrease in absorbance at 340 nm (e = 6.22 mM À1 cm À1 ) due to oxidation of NADPH at 37 C. The reduction of hydroperoxides was measured in the same assay mixture, except for the replacement of H 2 O 2 with solution that contains 0.2 mM CumOOH, t-buthylhydroperoxide, linoleic acid hydroperoxide or linolenic acid hydroperoxide, and 0.1% Triton X-100. Trx-dependent reduction activity was measured in a manner similar to that described previously (Herbette et al. 2002) . The GSH and GR in the reaction mixture mentioned above were replaced with E. coli Trx (4 mM) and Trx reductase (0.3 U ml
À1
).
Production of AtGPX8 antibody
Polyclonal mouse antibody against AtGPX8 (anti-AtGPX8) was prepared using the purified His-tagged recombinant AtGPX8 protein. Mice were injected with 4 mg of the protein emulsified with Freund's complete adjuvant followed by three subcutaneous injections. After bleeding, the antisera were separated from blood.
SDS-PAGE and Western blotting
Arabidopsis plants were ground to a fine powder in liquid nitrogen and then homogenized with extraction buffer containing 100 mM Tris-HCl, pH 7.5, 20% (v/v) glycerol and 1 mM EDTA. The crude E. coli extract was disrupted by sonication at 10 Hz for a total of 10 min (20 intervals of 20 s each). The homogenates were centrifuged at 10,000Âg for 10 min at 4 C, SDS loading buffer [150 mM Tris-HCl, pH 6.8, 4% (w/v) SDS and 10% (v/v) 2-mercaptoethanol] was added and then they were boiled for 10 min. Appropriate amounts of the homogenates and the recombinant AtGPXs were subjected to SDS-PAGE [15% (w/v) polyacrylamide gel] analysis. For Western blot analysis, the gels were transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad) using an electroblot apparatus (model 200/2.0, Bio-Rad) at 13 V for 1 h. The membrane was treated with the polyclonal antibody raised against AtGPX8 or His-tag (Novagen). The membrane was visualized with horseradish peroxidase-conjugated goat anti-mouse IgG (Bio-Rad).
Subcellular localization of GFP fusion protein
The vectors for the generation of the GFP fusion proteins were constructed using GATEWAY cloning technology (Invitrogen). The cDNA encoding the open reading frame of AtGPX8 was cloned into the donor vector, pDONR221, and then re-cloned into the destination vector, pGWB6, in which the AtGPX8 protein was fused with GFP at its N-terminus, and was expressed under the control of the CaMV 35S promoter. The speciEc primers with attB1 and attB2 sequences were as follows: attB1-AtGPX8 (5 0 -AAAAAGCAGGCTACATGGCGACGAAGG AA-3 0 ) and attB2-AtGPX8 (5 0 -AGAAAGCTGGGTTGGAGATA TTCAGAAGATTCT-3 0 ). PCR and in vitro BP and LR recombination reactions were carried out according to the manufacturer's instructions (Invitrogen). The resulting plasmid was co-bombarded with gold particles (Bio-Rad) into onion epidermal cell layers. After incubation at 25 C for 48 h in darkness, the green (GFP) and blue (DAPI) fluorescence images were obtained with a fluorescence microscope (BZ-9000, Keyence).
Isolation of the nuclei from Arabidopsis leaves
The nuclei were isolated from 10 g of the leaves of wild-type Arabidopsis plants using a Plant Nuclei Isolation/Extraction Kit (CelLytic TM PN, Sigma). Cell lysis, isolation of nuclei and nuclear protein extraction were performed according to the manufacturer's instructions. After the centrifugation of crude extracts on 60% Percoll and 2.3 M sucrose solution, the supernatant containing cytosolic, chloroplastic and mitochondrial fractions and the precipitate (nuclear fraction) were used for a Western blotting analysis using antibodies against histone H3 (Abcam) and APX1 (Ishikawa et al. 1996) as markers for the nucleus and the cytosol, respectively.
Production of transgenic plants
The cDNA encoding the open reading frame of AtGPX8 was amplified by PCR from an Arabidopsis cDNA pool as a template using the following primer pairs: forward primer 5 0 -CATATGGC GACGAAGGAACCAGA-3 0 and reverse primer 5 0 -GGATCCTCA GGAGATATTCAGAAGAT-3 0 . The forward primer contains an NdeI restriction site, and the reverse primer contains a BamHI restriction site (bold sequences). The PCR fragment of AtGPX8 was first cloned into pT7 vector, cut by NdeI and BamHI, and ligated into plant binary vector, pRI101-AN, in which the cDNA was placed downstream of the CaMV 35S promoter and a 5 0 -non-coding region of the Arabidopsis alcohol dehydrogenase (ADH) gene as a translational enhancer. The recombinant plasmid was introduced into Agrobacterium tumefaciens strain C58 by electroporation, and then Arabidopsis plants were transformed by Agrobacterium using the vacuum infiltration method as previously described (Bechtold et al. 1993) . Transformants (T 1 ) plants were selected on MS agar plates containing 50 mg l À1 kanamycin and self-fertilized. The T 3 seeds obtained were used for subsequent experiments.
Detection of oxidized protein
Oxidized proteins were detected using a protein gel blot assay with an OxyBlot protein oxidation kit (Chemicon International) according to Davletova et al. (2005) .
Analysis of 8-oxo-dG contents in DNA
Measurement of 8-oxo-dG in genomic DNA was carried out according to Yoshimura et al. (2007) with some modifications. Genomic DNA extracted from the leaves of Arabidopsis plants was digested with nuclease P1 (Sigma-Aldrich Japan) and alkaline phosphatase (TAKARA). The amounts of deoxyguanosine (dG) and 8-oxo-dG in the DNA samples were analyzed using an HPLC-electrochemical detector (ECD) system: column, Luna 5m C18 column (4.6Â250 mm, Phenomenex); UV absorbance, 290 nm (dG); ECD, 500 mV (8-oxo-G).
Supplementary data
Supplementary data are available at PCP online. 
